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ABSTRACT 

Arsenic Removal via Defect-Free Interfacially-Polymerized Thin-Film 

Composite Membranes 

 

Murtadha Aljubran 

Billions of people rely solely on groundwater for drinking and daily use. In the last 

few decades, groundwater was shown to be contaminated with arsenic in high 

concentrations, especially is Asian countries such as Bangladesh. Because many 

diseases and deaths were linked to consumption of arsenic-contaminated groundwater, 

the world health organization (WHO) reduced the arsenic standard level for drinking 

water from 50 to 10 µg L
-1

. Arsenic is mainly present as uncharged As(III) in 

groundwater, which makes it difficult to be efficiently removed by conventional 

treatment methods. Because membrane technology has not been widely tested for 

arsenic removal, a novel in-house defect-free interfacially-polymerized (IP) cross-

linked polyamide thin-film composite (TFC) nanofiltration membrane, namely, PIP-

KRO1, was tested in this research. Two commercial TFC membranes, namely Dow 

NF270 and Sepro RO4, were also tested and compared to PIP-KRO1. The membranes 

were tested at four different pH conditions (4, 6, 8, and 10) in a cross-flow flat sheet 

membrane unit. The experiments were divided into two parts: (i) the membranes were 

tested for water permeance and salt (NaCl) removal and (ii) tested for As(III) removal 

in the presence of 250 ppm NaCl. The results in this study showed strong size sieving 

rejection for RO4 and a combination of size sieving and charge exclusion mechanisms 

for PIP-KRO1 and NF270. In general, the rejection trend was RO4 > PIP-KRO1 > 

NF270 for both NaCl and As(III). In contrast, the trend for water permeance was 

NF270 > PIP-KRO1 > RO4. The TFC membranes demonstrated a maximum As(III) 

rejection of 98.7, 69.5, and 46.3% for RO4, PIP-KRO1, and NF270, respectively.  

Based on the characterizations of the membranes, PIP-KRO1 had the highest cross-
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linking (N/O ratio) followed by RO4 and NF270, respectively. The same trend was 

observed for the thickness of the polyamide selective layer (PIP-KRO1 > RO4 > 

NF270). The zeta potential for NF270 was slightly higher than that for PIP-KRO1; 

RO4 had much lower membrane surface charge. In terms of surface roughness, the 

following trend was observed: RO4 > PIP-KRO1 > NF270. 
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Chapter 1.  Arsenic and Arsenic Contamination 

1.1. Introduction  

Water covers approximately 71% of the Earth‘s surface. It is estimated that 

96.5% of the water is located in the oceans, seas and bays and only 2.5% of the 

remaining water is present as freshwater. Two thirds of the freshwater is in the form 

of glaciers and ice caps while only about 31.3% is in a liquid state (1.2% surface 

water and 30.1% groundwater). However, water is often contaminated and degraded 

and therefore water treatment is required for human use [1]. About 1.8 billion people 

live in areas where water is physically scarce. With the growing global population at a 

rate of 80 million people per year, the water scarcity is increasing with even more 

global water shortages as the total population is expected to reach 9.1 billion in 2050 

[2].  

Groundwater is one of the largest water sources for human use, providing 

drinking water to more than 50% of the global population and 43% of the total water 

used for irrigation. Groundwater is considered as the only source for drinking water 

for about 2.5 billion of the global population. However, approximately 748 million 

people, worldwide, have no access to improved sources for drinking water. [2]. 

Because water availability is affected by pollution, this endangers the lives of billions 

of people around the globe. For example, arsenic (As) is one of many pollutants found 

in groundwater. While it has been used in many applications including 

pharmaceuticals, it has been linked to a wide range of health problems and diseases 

and is, in fact, classified as a carcinogen [3, 4]. The rise of arsenic concentrations led 

to increased incidence of diseases in potentially millions of people and even death in a 

large number of cases due to consumption of As contaminated-water [5, 6]. The 

recognition of the toxicity of arsenic led to an urgent demand for developing arsenic 
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removal methods [7]. In this chapter, arsenic chemistry, its natural and 

anthropological sources are illustrated, addressing how some of these applications/ 

processes have contributed to the current arsenic pollution. In addition, arsenic 

toxicity and global locations where arsenic pollution exists are briefly addressed.  

 

1.2. Chemistry of Arsenic 

The chemical forms of arsenic can be affected by several factors depending on 

the geosphere location. These factors may include the parent rock of soils, inorganic 

components in those soils [3], oxidation and reduction reactions, pH conditions, the 

presence and distribution of other ionic species, aquatic chemistry and microbial 

activity. However, oxidation-reduction potential (Eh) and pH are the most important 

factors that control arsenic speciation [8]. It occurs in the oxidation states of -3, 0, +3, 

and +5 [9, 10]. In water, arsenic is most commonly found in the forms of trivalent 

arsenite and pentavalent arsenate oxyanions, denoted as As(III) and As(V), 

respectively [9, 11, 12]. In slightly reducing anaerobic (absence of free oxygen) 

conditions, that is, at lower Eh values, trivalent arsenic species are thermodynamically 

stable and dominant. However, in oxygen-rich aerobic conditions, at higher Eh 

values, pentavalent arsenic species are stable and dominant [3]. The effect of pH and 

oxidation-reduction potential on arsenic chemistry is illustrated in Figure 1.1. At 

higher Eh values and pH values lower than 2, uncharged arsenate as arsenic acid 

(H3AsO4) predominates whereas it dissociates to H2AsO4
-
 at pH values in the range of 

2 - 6.9. H2AsO4
-
 dissociates to HAsO4

2-
 and AsO4

3-
 at pH values higher than 6.9. At 

lower Eh values, uncharged arsenite as arsenous acid (H3AsO3) is predominant which 

dissociates to H2AsO3
-
, HAsO3

2-
, and AsO3

3-
 at higher pH values, that is, 9.2, 12.1 and 

13.4, respectively. At Eh values below 0.25 V, arsenic species such as As2S2 appear 
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when sulfur or hydrogen sulfur is present [6, 11-13]. It should be noted that both 

trivalent and pentavalent arsenic species are present in groundwater while pentavalent 

arsenic species are dominant in surface water [14-16]. 

 

 

Figure 1.1. The Eh-pH diagram for arsenic at 25°C and 1 bar (adopted from Otter et al. [16]). 

 

 
 

Figure 1.2. Distribution of (a) As(III) and (b) As(V) species as a function of pH (adopted from Smedley et al. 

[17]). 
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1.3. Arsenic Occurrence 

1.3.1. Natural Sources 

Arsenic is found in the environment both naturally and from human activities.  

It is the 20
th

 element in abundance in the earth‘s crust [5]. The total amount of arsenic 

is estimated to be 4.01x10
16

 kg based on the arsenic concentrations in the lithosphere 

and extraterrestrial objects [3] while the average value is about 1.8 mg kg
-1

 [15, 18]. 

Arsenic appears in different concentrations in different parts of the environment. 

Arsenic concentration in most rocks is within the range 0.5 – 2.5 mg kg
-1 

while its 

concentration in argillaceous sediments is about 13 mg kg
-1 

[18]. Arsenic can be 

combined with other elements to form over 200 different compounds – 60% of which 

are arsenates, 20% include sulfides and sulfosalts while the remaining 20% includes 

arsenides, arsenites, oxides, silicates, and elemental arsenic [3, 7]. Some of the most 

common compounds include tennatite (Cu12As4S13), cobaltite (CoAsS), loellingite 

(FeAs2), realgar (AsS), oriment (As2S3), and sperrylite (PtAs2). However, the most 

common arsenic-based mineral is sulfide-arsenopyrite (FeAsS) – also known as 

mispickel. The oxidation of sulfide deposits can result in the formation of arsenates 

and arsenites such as arenolite (As2O3) [9, 11, 19].  

 Arsenic also occurs naturally in soils and is often present in larger amounts 

than those in rocks. Sandy soils contain the lowest arsenic concentrations while 

alluvial and organic soils contain the largest concentrations. The average global 

arsenic level in soil is in the range of 5 - 6 mg kg
-1

, but average arsenic level in 

individual areas can be beyond the global average [9, 20]. Arsenic is present in 

uncontaminated soils within the range of 1 – 150 mg kg
-1

. The amount of arsenic in 

soil can be even over 600 mg kg
-1

 depending on the global location. For example, the 

arsenic content can range between 2.5 – 15 mg kg
-1

, 0.1 – 626 mg kg
-1 

and 0.1 – 20 
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mg kg
-1 

in soils from Germany, China, and the United States, respectively [12, 18, 

20]. Arsenic occurs as both inorganic and organic species – however, mostly as 

inorganic species. Arsenic appears as arsenates (As(V)) under oxidation conditions in 

aerobic environments where they absorb strongly to clay minerals, iron (Fe), 

manganese (Mn) oxides, manganese hydroxides and organic materials. However, 

because the reduction process of arsenates to arsenites is slow, soils are not likely at 

equilibrium. Furthermore, under oxidation conditions, arsenic acids such as 

monomethylarsonic acid (MMA), CH3AsO(OH)2, and dimethylarsinic acid (DMA), 

(CH3)2AsO(OH), can be produced from inorganic arsenics when they are methylated 

by micro-organisms. These micro-organisms can also produce trimethylarsine oxide 

(TMAsO), AsO(CH3)3. However, in anaerobic environments, these trimethylarsine 

oxides can be reduced to volatile methylarsines that can be easily oxidized. In acid 

soils, both arsenates of aluminum (AlAsO4) and iron (FeAsO4) are predominant 

compared to calcium arsenate (Ca3AsO4) as they are less soluble. In contrast, 

Ca3AsO4 is dominant in basic soils [3, 9, 11, 18, 21].  

 Arsenic tends to dissolve well in seawater and water streams, allowing water 

to become a major medium for arsenic transport. Investigations of arsenic 

concentrations in the Pacific Ocean indicate that arsenic is present in the range of 1.4 

– 1.8 µg L
-1

 while the arsenic content in the Atlantic Ocean is lower (e.g., 1.0 – 1.5 

µg L
-1

). Although the concentrations are relatively constant in open-ocean systems, 

human activities can significantly influence the arsenic contents in coastal regions as 

well as fresh water [22].  Typical arsenic concentration in seawater is in the range of  

1 – 8 µg L
-1

 with an average of 1.7 µg L
-1

 [3, 9]. Arsenic concentration in unpolluted 

groundwater is in the range of 1 – 10 µg L
-1

, reaching 5000 µg L
-1

 depending on the 

background of aquatic environment [23]. While arsenic predominantly appears as 
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pentavalent ions (arsenates, As(V)) in aerobic environments (oxygenated conditions), 

a high content of trivalent ions (arsenites, As(III)) are detected in photic zones despite 

being unstable in such conditions. This appears to be due to biological activity where 

reduction of arsenates to arsenites takes place [24, 25]. 

  

Table 1.1. Common natural arsenic compounds. 

Compound Classification Formula 
Molar Mass 

(g mol-1) 

Oxidation 

State 

Size 

(nm)* 
Structure* 

Arsine Inorganic AsH3 77.95 -3 0.26 

 

Arsenic acid Inorganic H3AsO4 141.94 +5 0.467 

 

Arsenous acid Inorganic H3AsO3 125.94 +3 0.467 

 

Monomethylarsonic 

acid 
Organic CH3AsO(OH)2 139.97 +5 0.485 

 

Dimethylarsinic 
acid 

Organic (CH3)2AsO(OH) 137.99 +5 0.503 

 

Trimethylarsine 
oxide 

Organic AsO(CH3)3 136.02 +5 0.503 

 

Arsenobetaine Organic 
As+(CH3)3CH2COO-  

(or C5H11AsO2) 
178.06 +5 0.737 

 

* Obtained from: http://molview.org/.  

 

 
The effect of thermal activity on the level of arsenic in water bodies is well 

known and documented. Water regions where quaternary volcanic and geothermal 

activity exists tend to contain high levels of arsenic species. For instance, arsenic is 

present in geothermal water in Japan and New Zealand in the range of 0.5 – 4.6  mg 

L
-1

 [26]. Another study conducted on multiple rivers in Chile revealed high levels of 

arsenic between 50 – 3000 mg L
-1

 [27]. 

 

 

http://molview.org/
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1.3.2. Anthropological Sources.  

1.3.2.1. Wood Preservatives.  

Preservatives that preserve the lifetime of wood have been used for decades. 

One of the most famous inorganic wood preservative, in the 20
th

 century, is 

chromated copper arsenate (CCA), which is composed of chromium trioxide (CrO3), 

arsenic pentoxide (As2O5), and copper (II) oxide (CuO) in different proportions [28, 

29]. It was found that As, Cr and Cu diffuse from the CCA-treated wood into soil and 

leach into aquatic environments. The rate at which leaching occurs largely depends on 

the leaching media conditions (e.g., pH, salinity and temperature) and the size of the 

wooden object [29]. With the increasing toxicity-related concerns of As, Cr, and Cu, 

the production of CCA was banned in 2004 [30]. 

 

1.3.2.2. Mining/Smelting and Industrial Activities 

Ores of copper (Cu), nickel (Ni), lead (Pb), and zinc (Zn) contain significant 

amounts of arsenic. Hence mining and smelting of such ores is a major 

anthropological source of arsenic. In the mining and smelting processes, arsenic is 

discharged to the environment which can cause an increase in the arsenic 

concentration in soils and water bodies. For instance, soils near gold smelters in the 

Yellowknife Area (Canada) contain arsenic in the range of 500 - 9300 ppm [31]. 

Because of mining operations, high levels of arsenic in groundwater and surface water 

are found in Canada, England, Ghana, Greece, the United States, and Zimbabwe 

among others [17]. A study by Williams [32] reported the arsenic concentrations 

present in mine waters for seven countries. The arsenic concentrations were as high as 

72 mg L
-1

 in the surface water.  
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More recently, the soil in the industrial site of Reppel-Bocholt (north 

Belgium), where metal alloys and arsenic compounds were produced, was 

investigated for arsenic pollution. Large amounts of arsenic (between 100 – 223 mg 

kg
-1

 dry matter) were found in the samples which highlighted the amount of As 

available to leach into the groundwater [33]. In general, considerable pollution 

problems of soils and groundwater are related to industrial activities where arsenic is 

present. 

 

1.3.2.3. Agricultural Insecticides and Poisons 

Arsenic was used as an inorganic agricultural insecticide for many years. The 

first two inorganic arsenical insecticides were commonly known as Paris green 

(copper acetoarsenite) [34] and London Purple (calcium arsenate and calcium 

arsenite) [35]. Due to their phytotoxicity to plants, arsenic lead (AL) was introduced 

[36]. Unlike Paris green, because of the lower solubility of arsenic lead, it adhered on 

the surface of plants, causing no harm to the leaves, and hence its effect lasted longer, 

minimizing the frequent usage [34]. However, downward movement (leaching) of 

arsenic into in the AL-contaminated soil was found to exist. This allowed the transfer 

of arsenic from the soil to the plant – phytoavailability – and, in turn, this process 

could be poisonous to the plants, animals and humans [37]. Other materials were 

tested including calcium arsenate, aluminum arsenate and other arsenates and 

arsenites, but all of the materials were found to be toxic to both plants and animals. A 

synthetic organic insecticide, namely dichlorodiphenyltrichloroethane (DDT), was 

introduced in 1947 and soon after AL was banned in many countries [34]. The 

residues of the long-term use of inorganic arsenical pesticides in agriculture are high 

in soils, ranging from 1 - 2553 ppm in different crop soils in different regions in the 
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United States [38]. The arsenic concentration of many orchard and potato soils in 

Canada was found as high as 100 ppm [39, 40]. This indicates the high availability of 

arsenic in soils for leaching into groundwater in the long term. 

 

Figure. 1.3 A child riding a tractor while spraying an orchard with lead arsenate in Hood River in circa 1930 [41].  

 

 

 

1.3.2.4. Feed Additive in Poultry Production 

Some chemicals are used as feed additives in food for certain animals for the 

purpose of increasing feed efficiency, increasing their weight gain (growth rate), and 

preventing diseases. One of the most common additives was roxarsone (3-nitro-4-

hydroxyphemylarsonic acid) which was added as a feed additive to control coccidial 

intestinal parasites, improve feed efficiency, and promote rapid growth [42, 43]. The 

concentration of roxarsone in feed formulations was in the range of 25 - 50 mg kg
-1

. 

In 2000, the Delmarva Peninsula produced approximately 620 million broiler 

chickens. It was estimated that a total of 26,000 kg of arsenic was in the manure [43]. 

A mass balance study [44] suggested that chickens ingest 2669–2730 mg of As with 

the feed during their growth period (28 days). The arsenic concentration in the litter 

was within the range 0 – 77 mg kg
-1

 [45-47].    

Animal waste is, in many cases, managed through land disposal. Once the land 

disposal reaches a level beyond the uptake capacity of the land, runoff takes place 



22 
 

 

which contributes to surface water pollution – eutrophication [48]. An increase in 

arsenic speciation rate with water content and leaching of arsenic into water bodies 

was reported [43, 45-47, 49].  

 

 

Figure 1.4. Roxarsone added as a feed additive for chickens [44]. 
 

 

1.4. Toxicity 

While arsenic is an important element is some applications, the toxicity of 

many arsenic compounds is concerning. Arsenic is ranked the first among 20 toxic 

substances by the Agency for Toxic Substances and Disease Registry (ATSDR) and 

United States Environmental Protection Agency (USEPA) [50]. Arsenic exposure 

often occurs via ingestion, inhalation, and skin absorption. However, it also occurs via 

dermal and parenteral pathways. Once arsenic enters the body, it can distribute in 

multiple body organs such as lungs, liver, kidney and skin [51]. Some of the absorbed 

arsenic may form monomethylarsonic acid (MAs
V
) and dimethylarsinic acid 

(DMAs
V
) via a hepatic biomethylation process. Although DMAs

V
 is more dominant, 

both MAs
V
 and DMAs

V
 are largely eliminated in the urine. [52] Acute exposures of 

inorganic arsenicals, however, can be fatal. The lethal dose of orally administrated 

arsenic trioxide (As2O3) to adult humans is within the range 1-5 mg kg
-1

 [53]. The 

50% lethal dose (LD50) is 4.5 mg kg
-1

,   14 – 18 mg kg
-1

, 1800 mg kg
-1

, 1200 mg kg
-1
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and 8000 mg kg
-1

 for sodium arsenite (NaAsO2), sodium arsenate (Na3AsO4), 

monomethylarsonic acid (MAs
V
), dimethylarsinic acid (DMAs

V
), and trimethylarsinic 

acid (TMAs
V
), respectively [12]. The level of toxicity varies depending, not only on 

the amount of dose, but also the physical state (e.g., gas, liquid or solid), chemical 

form, oxidation state, the rate of absorption into cells, and the pre-state of the patient. 

In general, soluble inorganic arsenicals are recognized for being more toxic than 

organic arsenicals and that arsenites (As(III)) are more toxic than arsenates (As(V)) 

[23]. The level of toxicity is in the following the order: arsines > arsenites (inorganic 

As(III)) > arsenoxides (organic As(III)) > arsenates (inorganic As(V)) > arsonium 

compounds > metallic As [52].  

Arsenic can cause both acute and chronic intoxication. Acute poisoning causes 

symptoms that usually appear within 30 min of ingestion. If arsenic is taken with 

food, however, the symptoms may be delayed. Symptoms of acute intoxication may 

include muscular pain, weakness, tingling skin, dryness of the mouth and throat, 

nausea, vomiting, and diarrhea. When long-term arsenic exposure occurs, the patient 

will experience chronic poisoning. Chronic intoxication can lead to negative 

respiratory effects, cardiovascular effects, gastrointestinal effect, hematological 

effects, hepatic effects, renal effects, dermal effects, neurological effects, 

developmental effects, genotoxicity effects, mutagenic effects and carcinogenic 

effects [51, 54]. Long-term poisoning can cause clinical effects and diseases such as 

hypertension, blackfoot disease [55, 56], diabetes mellitus [57], melanosis, keratosis, 

hyperkeratosis, and depigmentation. In addition, arsenic poisoning can lead to cancers 

in many organs. If the exposure to arsenic is large enough to cause acute toxic 

symptoms, the symptoms would be easily recognized and the source of the arsenic 

exposure would be found and removed. However, if the amounts of arsenic were not 
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large enough to cause clear acute toxic effects and remain in the body without being 

recognized, cancer will develop over time. Arsenic can cause various cancers 

including skin cancer, lung cancer, kidney cancer, liver cancer and bladder cancer [54, 

58, 59].  

There were many cases where people showed overt symptoms of arsenic 

intoxication since early 20
th

 century [23]. For example, according to Tseng et al. [55], 

on the southwest coast of Taiwan between 1958 and 1975, a total of 1108 people 

suffered from blackfoot disease of which 528 died, giving a mortality rate of 48%. 

Another study that included a total of 891 participants was conducted in multiple 

villages in southern Taiwan in 1989. A total of 84 people suffered from diabetes 

mellitus [57]. Between 1987 and 1988, approximately 1000 people suffered from skin 

manifestations due to arsenic exposure in the Ron Phibun district, Thailand [19]. 

Furthermore, approximately 8,000 children residing in arsenic affected villages in 

India were examined within the last 20 years. It was found that 4.5% (360 children) 

suffered from skin lesions [60]. In all these cases, the arsenic toxicity was linked to 

drinking water and water usage from wells (groundwater). Therefore, in 1993, the 

world health organization (WHO) reduced the As standard level for drinking water 

from 50 µg L
-1

 to 10 µg L
-1

 [17]. 

   

Figure 1.5. Some effects of long-term exposure of arsenic: (A) Diffuse and spotted keratosis. (B) Leg amputation 

due to gangrene. (C) Leuco-melanosis [61]. 
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1.5. Global Contaminated Locations 

Many countries around the globe are heavily relying on groundwater for 

drinking, hygiene and personal use. However, the presence of high levels of arsenic in 

groundwater has been reported in many countries, in particular Argentina, Australia, 

Bangladesh, Cambodia, Canada, Chile, China, Greece, Hungary, India, Japan, 

Mexico, Thailand, Unites States and Vietnam among others where millions of people 

are affected [17, 60, 62-91]. Because of the irrefutable relationship between the 

consumption of As-contaminated water and diseases (described in Section 1.4), rising 

concerns led to further investigations to determine the arsenic levels in water bodies 

around the globe. It is estimated that more than 226 million people are exposed to As 

worldwide [92]. Bangladesh is considered as the ‗most troubled‘ country with the 

widest distribution of highly As-contaminated water followed by India, specifically 

West Bengal. About 130 million people (97% of the population) in Bangladesh rely 

on groundwater. A study on 6000 wells distributed within an area of 25 km
2
 showed 

that ~75% of the wells contained higher As levels than the world health organization 

(WHO) recommendation, that is, higher than 10 µg As L
-1

. In fact, the As 

concentration ranged between 5 – 900 µg As L
-1

 [67]. Furthermore, a 14 years study 

done in 64 districts [64] showed even higher As levels (higher than 1000 µg As/L), 

primarily in the Lakshmipur and Noakhali districts. The maximum reported As 

concentration in Bangladesh is 4700 µg L
-1

, which was observed in Chiladi (in 

Noakhali), possibly the most contaminated village in the world with only one tube-

well containing As concentration between 10 and 50 µg L
-1

 while the remaining 72 

wells containing As levels higher than 100 µg L
-1

. It is estimated that 87 million 

people were exposed to As in Bangladesh alone [68]. A 20 years study was conducted 

in 19 districts (7823 villages; 140,150 samples) of West Bengal (India)  [69]. The 
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results showed that 48.1% (1.3 million) of the groundwater sources contained As 

concentrations higher than 10 µg L
-1

 while 3.3% contained As concentrations higher 

than 300 µg L
-1

. The maximum reported As concentration in India is 3700 µg/L, 

which was observed in West Bengal. Status for arsenic contamination in groundwater 

in various countries are listed in Table 1.2.  

 

 

Figure 1.6. Global locations where arsenic-related problems exist due to natural and anthropogenic sources. Lakes 

are represented in blue [17]. 

 
 

Table 1.2. Arsenic contamination and affected population status in different countries/regions 

(groundwater). 

Country Region 
Arsenic level  

(µg/L) 
Affected population 

Permissible  

limit (µg/L) 
Reference 

Argentina 
Chaco-Pampean 

Plain 
<10 – 5,300 Up to 8 millions 10 [65, 71] 

Australia Multiple regions 1 - 7,000 > 1.4 millions 10 [66, 93, 94] 

Bangladesh Multiple districts <1 – 4,730 
104.9 millions 

87 millions (exposed) 
50 

[63, 64, 67, 

68] 

Cambodia Multiple regions 1 - 1700 - 50 [95-97] 

Canada Multiple provinces < 1 – 11,000 9.6 millions 10 [20, 70, 98] 

Chile Northern Chile 100 – 1,700 500,000 (exposed) 50 [17, 71, 72] 

China Multiple districts < 1 – 4,400 
5.6 millions (exposed) 

20,000 (diagnosed) 
50 [17, 73-75] 

Greece Northern Greece 1 - 3760 - 10 [76-79] 
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Continue Table 1.2. 

Country Region 

Arsenic 

level  

(µg/L) 

Affected population 
Permissible  

limit (µg/L) 
Reference 

Hungary 
Southern Great 

Plain 
< 0.5 - 240 

Up to 500,000 

    45,700 (exposed) 
10 [80-82] 

India Multiple districts 1 - 3,700 
> 61.8 millions 

40.6 millions (exposed) 
50 [60, 63, 69] 

Japan Multiple plains < 0.5 - 370 - 10 [83, 84] 

Mexico Multiple regions 5 – 624 > 400,000 10 [17, 62, 71] 

Saudi 

Arabia 
Multiple regions 0.1 – 122 3 millions 10 [92, 99, 100] 

Thailand Multiple regions 1 – 64,000 15,000 – 24,665 10 [19, 95, 101] 

United 

States 
Western states 0.1 – 48,000 

44.1 millions 

2.1 million (exposed) 
10 [85-87] 

Vietnam Multiple districts < 1 - 3050 
Up to 13 millions 

 0.5 – 1 million (exposed) 
50 [88-90, 96] 

  

1.6. Research Objective 

Membrane technology has not yet been widely investigated for the removal of 

As(III). While some commercial NF and RO membranes were investigated at various 

operating conditions in an attempt to understand the potential of these two techniques 

to remove arsenic from contaminated groundwater, there are still many other untested 

commercial membranes that could possess a high(er) potential to remove As(III) and 

provide safe fresh water to the affected population (by arsenic pollution). In addition, 

there are not many publications on novel membranes for As(III) removal. 

In this research, an investigation of two commercial membranes (NF270 and 

RO4) and one in-house membrane (PIP-KRO1) for As(III) removal was conducted at 

various pH values, 4, 6, 8 and 10. The results were compared with available data 

obtained in previous studies for commercial NF and RO membranes. The major 

objective of this investigation, in particular, was to examine the performance of an in-

house made defect-free interfacially-polymerized NF membrane (PIP-KRO1) and 

perform a comparison with commercial membranes for the removal of As(III) from 

groundwater. 
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Chapter 2. Arsenic Removal and Membrane Technology 

2.1. Introduction  

The presence of elevated levels of arsenic in groundwater is a serious issue. 

Therefore, finding solutions for arsenic removal is an essential task to provide healthy 

fresh water to the populations around the globe. Unfortunately, the demand for 

recovered arsenic and its compounds, except for highly pure arsenicals, is very 

limited. Therefore, there is little to no interest in recovering arsenic from water for 

industrial use. In addition, the complicated handling and storage of arsenicals makes it 

even less desirable to recover the materials [102]. This leaves only one option: water 

treatment and arsenic removal. While there are a number of techniques by which 

arsenicals can be removed, the most desirable technique should be wisely selected 

based on the required amount to be removed or the amount of source water and 

background environment of that source. Figure 2.1 shows various techniques that 

have been available/tested for arsenic removal form soil and water. Singh et al. [103] 

and Sarkar et al. [104] previously provided reviews for some of these techniques. 

 

 

Figure 2.1. Techniques for arsenic removal from soils and water [103]. 
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While some conventional methods such as activated alumina [105-109], ion 

exchange [105, 106, 110], and coagulation and flocculation [111-120] can provide 

high arsenic removal in some cases, they have major disadvantages that cannot be 

neglected. Such disadvantages may include multiple chemical treatments, pre- and/or 

post-treatment of drinking water, high capital and operation cost, frequent 

regeneration of media, disposal of exhausted media, production of by-products, 

release of taste and odor compounds due to chlorination, and handling of 

sludge/wastewater [104, 121, 122]. On the contrary, membrane processes have 

significant advantages such as low energy consumption, no requirements for 

additional chemicals, easy operation, modularity, separation in a continuous mode, 

and the ability to efficiently remove/reject multiple compounds simultaneously [104, 

121, 123].  

 

2.2. Membrane Technology 

The purpose of using a membrane is to selectively allow one component (e.g., 

solvent) of a mixture to permeate the membrane while hindering permeation of the 

other components (e.g. solutes). For a dense or partially dense membrane (RO or NF 

membrane) that separates a pure solvent from a solution, the solvent spontaneously 

transport from the pure solvent side to the solution side due to the higher chemical 

potential of the pure solvent. In other words, the solvent transports from the dilute 

side to the solute side. This process is called osmosis. This transport of solvent can be 

reduced by applying pressure on the concentrated solution side. The pressure required 

to completely stop the solvent flow is known as osmotic pressure. If the applied 

pressure exceeds the osmotic pressure, the solvent flow will reverse in direction. This 

process is called reverse osmosis. In water treatment, the movement of molecules 
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across the membrane depends on the pressure difference between the two sides of the 

membrane (trans-membrane pressure, TMP). Rejection of a species (e.g. arsenic) is 

influenced by pore size and distribution of the membrane material, morphology, 

surface charge, module configuration and operating conditions such as pressure, 

temperature, feed solution concentration and pH [124, 125].  

 

 

Figure 2.2. Schematics of membrane water treatment system [126]. 

 

 

2.2.1. Membrane Structure and Materials 

NF and RO membranes are typically based on polymeric materials. The 

structure of these polymeric membranes can be categorized into two major types: 

integrally-skinned asymmetric (ISA) membranes and thin-film composite (TFC) 

membranes. However, modern NF and RO membranes are mainly TFCs [127-129].  
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Figure 2.3. Membrane classification and preparation techniques [127]. 

 

2.2.1.1. Integrally-Skinned Asymmetric (ISA) Membranes 

Cellulose acetate ISA membranes were first prepared by Loeb and Sourirajan 

at UCLA in ~1960. These membranes consist of a thin skin layer that lies on top of a 

porous sublayer and a non-woven fabric layer. Both skin and porous layers are 

composed of the same material and are made in a single process step known as phase 

inversion. The thin skin layer determines the permeance and selectivity and, therefore, 

the performance of the membrane. The membrane morphology and performance are 

significantly affected by the thermodynamics of the system and kinetics of the solvent 

and non-solvent exchange during the fabrication process. Some factors that affect the 

performance of ISA membranes may include the polymer type, the concentration of 

the polymer in the dope solution, the purity of the polymer, the evaporation time, the 

presence of additives and their molecular weight [127-129]. 

 

2.2.1.2. Thin-Film Composite (TFC) Membranes 

A typical TFC membrane consists of three different layers: an ultrathin top 

layer, an asymmetric porous layer and a non-woven fabric layer. The chemical and 

structural difference between the thin and porous layers allows separate maximum 
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optimization of the layers to provide the best mechanical strength and performance of 

the membrane. The top layer is often formed by interfacial polymerization where the 

reaction occurs at the interface between two immiscible phases containing different 

monomers on top of the porous layer. The porous layer is formed by phase inversion. 

The performance of a TFC membrane is primarily determined by the physiochemical 

properties of the top layer such as permeability, selectivity, surface roughness and 

hydrophobicity. During interfacial polymerization, the top layer is strongly affected 

by the monomer type and reaction conditions [127, 129, 130]. 

 

 

Figure 2.4. Structures for polymeric NF and RO membranes: (a) integrally skinned asymmetric 

membrane, (b) thin-film composite membrane [127]. 

 

2.2.2. Transport Mechanisms 

For water treatment, membranes can be classified into three major groups 

based on the transport model: (i) pore-flow microporous membranes (microfiltration 

and ultrafiltration) with pores larger than 20 Å in diameter, (ii) dense solution-

diffusion membranes (reverse osmosis) with pores smaller than 5 Å, and (iii) 

intermediate membranes (nanofiltration) where both mechanisms possibly occur. The 

primary difference between these two mechanisms lies in the size, stability and 

durability of the pores [124, 131].  
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Figure 2.5. Representation of pore size and models for the membrane separation processes [124]. 

 

2.2.2.1. Pore-Flow Model 

In the pore-flow model (also known as sieving mechanism), only molecules 

that are smaller in diameter than the membrane pores, transport via a pressure-driven 

convective flow through fixed, relatively large, pores along with the solvent. In this 

model, the concentration of permeate across the membrane is assumed to be uniform 

and the chemical potential gradient is only driven by a pressure gradient. This 

mechanism is based on Darcy‘s law and therefore the flux of component i is defined 

as:  

   
                 

 
              (1) 

   

where    is a proportionality coefficient,     is the molecular volume of component i        

(mol cm
-3

),    is the concentration of i in the medium (g cm
-3

),       is the pressure 

difference across the porous membrane (bar) and   in the membrane thickness (cm)          

[124, 125].  
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2.2.2.2. Solution-Diffusion Model 

For RO and NF membranes, the pores are described as free volume between 

polymer chains that are dynamic and transient in nature. The transport of molecules 

through RO and/or NF membranes follows the solution-diffusion model, where 

permeants adsorb on the feed side of the membrane, diffuse through the thickness of 

the membrane (Fick‘s law) and then desorb from the permeate side of the membrane. 

In this model, the pressure is assumed to be uniform across the membrane while the 

chemical potential gradient is only driven by a concentration gradient. This 

concentration gradient is created by a pressure difference at both ends of the 

membrane sides. Furthermore, the liquid on both sides of the membrane is assumed to 

be in equilibrium with the membrane surface at the interface. This means that the 

diffusion rate of molecules across the membrane is much lower than that of 

absorption and desorption. The flux of a solute through the membrane is independent 

of the applied pressure, that is, by increasing the applied pressure, the solvent flux 

increases while the solute flux remains essentially unchanged. This, in turn, increases 

the rejection of solute [124, 125, 131]. The volumetric water flux      and solute 

mass flux      are defined as: 

 

                          (2) 

                           (3) 

 

where    is the water permeance (m
3 

m
-2

 h
-1

 bar
-1

),    is the solute permeance (m
3
   

m
-2

 h
-1

),    is the applied pressure difference across the membrane (bar),    is the 

osmotic pressure difference across the membrane (bar),    and    are the solute 

concentrations at the feed and permeate sides of the membrane (kg m
-3

), respectively. 

The difference between applied pressure      and osmotic pressure      is the called 
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trans-membrane pressure (TMP) [131-133]. The osmotic pressure can be calculated 

as: 

 

            
          

   
       (4) 

 

where   is van‘s Hoff factor,    is the molarity of a solution (mol m
-3

),   is the 

universal gas constant (J mol
-1

 K
-1

),   is the temperature (K),     is the molecular 

weight of solute (kg mol
-1

). It should be noted that the value of van‘t Hoff‘s factor     

is the number of ions that can be produced from a solute molecule when dissolved in 

water. For example, the van‘t Hoff‘s factor for NaCl is 2 because two ion are 

produced, Na
+
 and Cl

-
. In contrast,     for non-ionic molecule in water (e.g. non-

dissociated H3AsO3). Unfortunately, the solution-diffusion model does not consider 

concentration polarization or convective transport of solutes across the membrane. 

Hence, it is more suitable for nonporous membranes (e.g. RO membranes) [132]. 

 

2.2.2.3. Spiegler-Kedam-Katchalsky (SKK) Model 

In Spiegler-Kedem-Katchalsky (SKK) model is described by irreversible 

thermodynamics and considers both convective (based on presence of pores) and 

diffusive transports (based on absence of pores). This model is an extended version of 

solution-diffusion model and is valid for RO, NF and UF membranes where 

concentration polarization is accounted for. The concentration of the solute in the 

concentration polarization thickness is assumed to be independent of the diffusion and 

mass transfer coefficients [134-136]. The water flux and solute flux across the 

membrane are calculated as: 
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                           (5) 

                         
̅̅̅              (6) 

 

where   ̅  
     

  
  
  

,    is the logarithmic mean concentration of the solute across the 

membrane (kg m
-3

),   is the reflection coefficient (dimensionless),    and    are the 

solute concentration on the membrane surface and in bulk (kg m
-3

), respectively. 

Equation (5) shows the sum of diffusive and convective transport terms. For dense 

non-porous membranes such as RO membranes where potentially no convective 

transport takes place,    . For completely unselective membranes where 

volumetric flow is not caused by concentration gradients (no diffusion transport), 

   . For selective membranes with some pores such as NF and UF,    . The 

solute concentration due to convective transport    
̅̅ ̅̅   is calculated using the 

concentration polarization equation: 

 

(
     
     

)     (
  
 
)  (7) 

 

where  
  

   
 ,   is the mass transfer coefficient in the concentration polarization 

thickness (boundary layer),    is the diffusion coefficient of the solute (m s
-1

), and 

    is the thickness of polarization concentration layer (m). Obviously, the solute 

concentration in the bulk      is different from the concentration at the surface of the 

membrane      due to concentration polarization [134, 136-138]. 

 

2.2.2.4. Donnan (Charge) Exclusion Effect 

NF membranes tend to be more sensitive to ionic strength and pH compared to 

RO membranes and, therefore, they are highly dependent on the bulk concentration 
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and an ionic solute [121]. In cases where a solution containing a high concentration of 

a charged solute (e.g.       
 ) is brought into contact with a membrane with a fixed 

charge becomes more effective at rejecting the charged solute compared to neutral 

molecules of the same solute, in particular if the membrane surface has the same 

charge as the solute, due to electrostatic interactions and molecular repulsion between 

the solute molecules and membrane surface [8, 125, 139]. The extended Nernst-Plank 

equation accounts for the ionic solute flow due to the electrostatic forces as well as 

the diffusive and convective flow across the membrane. The solute flux based on this 

model is calculated as: 

 

      [        
       

  
   ]                            (8) 

 

where    is the charge of the solute,   in Faraday constant (C mol
-1

), and    is the 

electrostatic potential difference between the membrane and solution (V), which is 

calculated as: 

 

         
  

    
   

  
  

     (9) 

 

Equation (8) is known as the Donnan equilibrium equation [139-141]. 

 

2.2.3. Membrane Performance 

The removal of a solute from water is often termed rejection (or apparent 

rejection), which is calculated as: 

 

   (
     

  
)      

 
 

(10) 
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It is worth noting that the solute rejection    ) is not only dependent on the 

operation conditions such as the applied pressure and solute concentration in the feed 

(e.g., through          ), it is rather also dependent on the intrinsic properties of the 

membrane through the water and solute permeance,    and   , respectively. 

However, equation (9) does not reveal any information about the effect of intrinsic 

materials properties on solute removal. Therefore, it is crucial to relate both 

membrane properties to operating conditions in determining the performance of the 

membrane. A relationship that considers the intrinsic properties of the membrane is 

known as water-to-solute selectivity (or just selectivity,   
   in the membrane 

literature. In the solution-diffusion model, selectivity is defined on the basis of the 

membrane permeability of the components (e.g., water and solute),   , which is 

defined as (at steady state):  

 

          (11) 

 

where    and    are the average diffusion coefficient, and sorption (partition or 

solubility in polymer) of component i, respectively. The selectivity is defined as: 

 

  
  

  
  

 
  

  
 

  

  
  (12) 

 

The first term is known as diffusivity selectivity while the second term is solubility 

selectivity. The membrane permeability of water      is related to water permeance 

     as: 
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  (13) 

 

The solute permeability is related to solute permeance as:         . The apparent 

rejection      is related to selectivity    
   as: 

 

   
  

  
  
  

       

    
  

  
         

  (14) 

 

where    is the molar volume of water (m
3
 mol

-1
) [130, 132, 133]. 

 

2.2.4. Literature Review for As(III) Removal 

RO membranes have gained significant attention for arsenic removal due to 

their ability to effectively reject both monovalent and multivalent ions. Although flat-

sheet membranes studies were performed by many researchers for As(III) removal 

[122, 123, 135, 142-144], spiral-wound and hollow-fiber modules were also tested 

[145, 146]. Studies were conducted on lab-scale [123, 135, 143-146] and pilot-scale 

systems [122, 142, 147]. As mentioned earlier, the solute (e.g. As(III)) rejection may 

depend on the operating conditions such as applied pressure, initial As(III) 

concentration in the feed and the pH of the feed solution. While it was found that the 

As(III) rejection increased by increasing the applied pressure in some cases [122, 123, 

147], the initial arsenic concentration was consistently shown to have no significant 

effect on the rejection for all of the tested RO membrane [144, 145, 147]. The pH of 

the solution was found to have the strongest effect on As(III) rejection, especially at 

high pH values – i.e., the higher the pH the higher arsenic rejection. The As(III) 
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rejection values at various conditions for previously reported RO membranes are 

summarized in Table 2.1.  

 

Table 2.1. A brief summary of As(III) and As(V) rejection via RO membranes. 

RO membrane 
Module/Membrane 

Type 
Scale Conditions 

% As rejection 
Reference As(III) As(V) 

 HR3155 Hollow-fiber - pH = 8, p = 40 bar 90.5 99 [146] 

ES-10 Flat-sheet Lab pH = 3, 8, p = 7.5 bar 75 – 90 >95 [143] 

NTR-729HF Flat-sheet Lab pH = 3, 8, p = 7.5 bar 20 – 43 80 - 95  

 TFC 4921 - Pilot Flux = 25 L m-2 h-1, Recovery =20% 59 93 [142] 

 4820-ULPT - Pilot Flux = 25 L m-2 h-1, Recovery =20% 72 99  

 AG 4040 - Pilot Flux = 25 L m-2 h-1, Recovery =20% 67 99  

 4040 LSA-CPA2 - Pilot Flux = 25 L m-2 h-1, Recovery =20% 87.5 99  

Dow  SW30HR Flat-sheet Lab pH = 7.6, 9.6, p = 24 bar, T = 20 oC 96 - 98.5 - [135] 

Hydranautics SCW5 Flat-sheet Lab pH = 7.6, 9.6, p = 24 bar, T = 20 oC 99 -  

Dow  BW30LE Flat-sheet Lab pH = 7.6, 9.6, p = 24 bar, T = 20 oC 88 - 98.2 -  

Hydranautics ESPAB Flat-sheet Lab pH = 7.6, 9.6, p = 24 bar, T = 20 oC 92 - 96.5 -  

Hydranautics ESPA2 Flat-sheet Lab pH = 7.6, 9.6, p = 24 bar, T = 20 oC 86 - 95.8 -  

Desal AK RO Flat-sheet Lab pH = 4.3, 10.3, p = 6.9 bar, T = 20 oC 65 – 90 - [144] 

Dow SWHR Flat-sheet Pilot pH = 2.1, 10.1, p = 20 bar, T = 20 oC 71 – 83 93 - 97 [122] 

Dow BW-30 Flat-sheet Pilot pH = 2.4, 10.4, p = 20 bar, T = 20 oC 58 – 68 65 - 69  

Dow XLE-2521 Spiral-wound Small pH = 7.2, p ≈ 10 bar, T = 25 oC ~72 ~99 [145] 

Dow TW30-2521 Spiral-wound Small pH = 7.2, p ≈ 10 bar, T = 25 oC ~90 ~ 99  

Dow SW30-2521 Spiral-wound Small pH = 7.2, p ≈ 10 bar, T = 25 oC ~97 ~ 99  

Dow  XLE Flat-sheet Lab pH = 3.5, 10, p = 10 bar, T = 20 oC 95 – 98 - [123] 

Dow  BW30 Flat-sheet Lab pH = 3.5, 10, p = 10 bar, T = 20 oC 95 – 98 -  

 

 

More attention has been given to NF membranes due to their higher water flux 

which can be translated to lower energy consumption. NF membranes were 

predominantly tested in flat-sheet membrane systems and were shown to have lower 

rejection values for arsenic compared to RO membranes (summarized in Table 2.2). 

Similar to RO membranes, NF membranes were tested under different conditions to 

understand the effect of applied pressure, initial As(III) concentration in the feed and 

the pH of solution on the membrane performance. Unlike the case for RO membranes, 
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the performance of NF membranes increased consistently when the applied pressure 

increased [8, 123, 140, 146, 148, 149]. However, the results obtained by changing the 

As(III) concentration in the feed were clearly conflicting. While most of the studies 

showed a decreases in As(III) rejection as the initial concentration increased [138-

140, 144, 149-151], some studies showed an increase in rejection [8, 152]. The effect 

of pH on the performance of NF membranes was similar to RO membranes, that is, 

the As(III) rejection increased by increasing the pH of the solution. These results are 

summarized in Table 2.2. 

 

Table 2.2. A brief summary of As(III) and As(V) rejection via NF membranes. 

NF membrane 
Module/Membrane 

Type 
Scale Conditions 

% As rejection 
Reference As(III) As(V) 

 NF70 4040-B - Pilot Flux = 25 L m-2 h-1, Recovery =20% ~ 51 ~ 99 [142] 

 HL-4040F1550 - Pilot Flux = 25 L m-2 h-1, Recovery =20% ~ 20 ~ 99  

 4040-UHA-ESNA - Pilot Flux = 25 L m-2 h-1, Recovery =20% ~ 28 ~ 97  

ES-10 Flat-sheet Lab pH = 3, 10, p = 2.5 bar 50 – 89 87 – 93 [153] 

ES – 10 Flat-sheet Lab pH = 8, p = 2.5 – 6 bar, T = 25 oC 50 – 58 90 – 95  [146] 

NF-45 Plate-and-frame Lab pH = 4, 8, p = 5.5 bar, T = 25 oC ~ 6  25 – 80 [150] 

BQ01 Plate-and-frame Lab pH = 4.5, 8.5, p = 5.5 bar, T = 25 oC ~ 10 10 – 83 [138] 

ES-10 Flat-sheet Lab pH = 6.8, p = 3 – 11 bar, T = 20 oC 62 – 82 95 – 97 [148] 

NTR-729HF Flat-sheet Lab pH = 6.8, p = 3 – 11 bar, T = 20 oC 14 – 25 91 – 94  

NTR-7250 Flat-sheet Lab pH = 6.8, p = 3 – 11 bar, T = 20 oC 7 – 11 ~ 86  

ES-10 Flat-sheet Lab pH = 3, 10, p = 2.5 bar, T = 25 oC 50 – 85  84 – 95 [154] 

NTR-729HF Flat-sheet Lab pH = 3, 10, p = 2.5 bar, T = 25 oC 49 – 85 62 – 95  

NTR-7250 Flat-sheet Lab pH = 3, 10, p = 2.5 bar, T = 25 oC 32 – 65  45 – 90   

Troy NF Spiral-wound Pilot pH = 3, 10, p ≈ 28 bar, T = 25 oC 5 – 24 65 – 99 [151] 

Dow NF-90 Plate-and-frame Lab pH = 5, 10, p = 10 bar, T = 25 oC 62 – 72 97 - 99 [8] 

Dow NF-200 Plate-and-frame Lab pH = 5, 10, p = 10 bar, T = 25 oC 22 – 40 96 - 98  

Woongin NF-90 Plate-and-frame Bench pH = 4, 10, p = 5.5.2 bar, T = 25 oC 41 – 64  93 – 97 [139] 

Dow NF90-2540 Spiral-wound Pilot pH = 3, 11, p = 6 bar, T = 27 oC 87 – 95  95 – 99  [140] 

Desal HL Flat-sheet Lab pH = 4.1, 10.3, p = 5.5 bar, T = 20 oC 5 – 47  - [144] 

Dow NF-270 Flat-sheet Lab pH = 3.5, 10, p = 10 bar, T = 20 oC 25 – 59 - [123] 

Dow NF-90 Flat-sheet Lab pH = 3.5, 10, p = 10 bar, T = 20 oC 46 – 72 -  

Dow NF90-4040 Spiral-wound Pilot pH = 8, p = 5 bar, T = 28 oC Up to 90 Up to 93 [149] 

Dow NF270 Cross-flow Lab pH ≈ 5, p = 4 bar, T ≈ 24 oC Up to 30 - [152] 

ES10 Flat-sheet Lab pH = 3, 10, p = 2.5 bar, T = 25 oC 50 – 89 87 – 99 [155] 

NTR729HF Flat-sheet Lab pH = 3, 10, p = 2.5 bar, T = 25 oC 48 - 83 60 – 94  
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Chapter 3. Lab-Scale Investigation for Arsenic Removal  

Salt (NaCl) rejection and Arsenic (As(III)) rejection were investigated using 

three thin-film composite (TFC) membranes at various pH values. One was a novel 

in-house made membrane, namely PIP-KRO1, while the other two were commercial 

membranes, Dow NF270 and Sepro RO4. The research was divided into two parts: 

salt (NaCl) rejection and arsenous acid (H3AsO3, As(III)) rejection. All experiments 

in both parts were conducted in a flat-sheet cross-flow membrane system at a 

temperature of 23 °C and a feed pressure of 225 psi (15.5 bar). The experiments for 

NaCl rejection were performed at an initial concentration of 170 ± 10 ppm (mg L
-1

). 

On the other hand, the experiments for As(III) rejection were performed at a 

concentration of ~ 5 ppm As(III) in the presence of 250 ± 50 ppm NaCl.  

 

3.1. Materials and Methods 

3.1.1. Membranes 

NF and RO membrane were obtained from two different manufacturers. Dow 

NF 270 was obtained from Sterlitech Corporation (Kent, WA, USA) while RO4 was 

obtained from Sepro Membranes Inc. (Carlsbad, CA, USA), respectively. In addition, 

an ultrafiltration membrane made of polysulfone (PS) was used as a porous support 

layer for fabricating the in-house membrane. This polysulfone membrane was also 

provided by Sepro Membranes Inc. Both NF270 and RO4 membranes are thin-film 

composites (TFC) made of polyamide and were designed for water treatment whereas 

PIP-KRO1 was also a TFC which was originally designed for gas separation. The 

specifications of the tested membranes are listed in Table 3.1.  
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Table 3.1. Characteristics of the tested TFC membranes. SL denotes ‗selective layer‘. 

Membrane 
SL mean 

 thickness (nm) 

MWCO 

 (Da) 

Contact  

angle (o) 

RMS 

roughness  

(nm) 

Water Permeance 

(L/m2 h bar) 

NaCl Rejection 

(%) 
Reference 

RO4 145±9 - 57.1 97 – 145  0.97 – 1.73 98.8 a – 99.5 b [156-159] 

NF270
* 22.1 155 – 400 32.6±1.3 9.0±4.2 8.5 – 18.9 56.9 

c
 – 59 

d 
[129, 160-164] 

PIP-KRO1 170±9 - - 37±17 3.9±0.57
 

75.4±2.8
e 

[159] 

a Tested at 2000 ppm NaCl and 15.5 bar  [156]. 
b Tested at 2000 ppm NaCl, 15.5 bar, 23°C, and pH 8 [158]. 
c Tested at 10mM (584.4 ppm) NaCl, 200 psi (13.8 bar), and pH 7 [160].  
d Tested at 0.05 M (2922 ppm) NaCl, 8 bar, 20 °C and pH 6 [162].  
e Tested at 2000 ppm NaCl, 15.5 bar, and 23 °C.  

* Lower NaCl rejection values were reported [165] at different operating conditions, 7.2 – 21.8 %. 

 

3.1.2. Materials  

Piperazine 99% purity (PIP) and trimesoyl chloride 98% purity (TMC) were 

used for the fabrication of the in-house membrane. Isoparaffinic fluid (Isopar
TM

 G) 

was used as a hydrocarbon-based solvent for TMC. Deionized (DI) water (Milli-Q 

water) was used as a solvent for PIP. 99.5+% ACS reagent isopropanol (Isopar
®
) was 

used to activate the membranes. Salt solutions were prepared from solid NaCl crystals 

for salt rejection experiments. Solid white powder arsenic trioxide (As2O3) was used 

as a source of As(III) in the feed for arsenic rejection experiments. The pH of the 

arsenic solution was adjusted using 0.1M NaOH and 0.1 M HCl solutions. Liquid 

standard solutions for calibration of As(III)  concentration were prepared from 

Arsenic Standard for ICP (1000 ppm). The standard solutions were diluted with 2% 

nitric acid using trace metal grade concentrated nitric acid (70%). Concentrated HNO3 

(70%) was added to As(III) samples prior analysis. Arsenic samples were analyzed 

using inductively coupled plasma – optical emission spectroscopy (ICP-OES). All 

solid materials were dissolved and diluted in deionized water (Milli-Q water) in the 

preparation of stock solutions. All chemicals were purchased from Sigma-Aldrich, 

except for Isopar
TM

 G which was obtained from ExxonMobil. 
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3.2. Experimental Set-Up 

Three lab-scale flat-sheet cross-flow membrane units/trains (Sterlitech Corp.) 

were installed and arranged as shown in Figure 3.1. Each unit consisted of three 

membrane cells and contained the same membrane type. In other words, each 

membrane was tested and replicated three times in one experiment. Each cell had a 

membrane area of 33.5 cm
2
. In order to pressurize the membrane holder (cell), the 

membrane unit was connected to a pump. The pressure was controlled using a relief 

valve. The pressure in the feed and retentate was monitored using a digital pressure 

gauge (Omegadyne). The flow rate of the feed and retentate was monitored using a 

glass tube rotameter (set to 1 L min
-1

). To maintain the constant feed temperature, a 

chiller (Thermo Scientific, ThermoFlex 1400) was installed. The closed loop (plastic 

tube) of the chiller was submerged in the feed tank. RO water was allowed to circulate 

as a thermal fluid in the closed loop. All tubes and valves were stainless steel 

(Swagelok). However, plastic tubes were used for permeate and retentate lines. 

 

 

Figure 3.1. Representation of the lab-scale cross-flow system. Each color in the membrane cell 

represents a different membrane type. 
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3.3. Experimental Procedure 

3.3.1. Membrane Preparation 

3.3.1.1. Commercial Membranes 

The commercial membranes were received as large dry rolls, stored in 

containers at room temperature. Membrane coupons (15.5 cm x 11.5 cm) were cut and 

submerged in RO water for 24 hours to remove any contaminants and reach 

equilibrium swelling. They were then submerged in isopropanol (2-propanol) for 

about 5 minutes for activation. Later, they were re-submerged in RO water for at least 

15 minutes to remove all the residual isopropanol. Next, the membrane samples were 

cut using a laser cutter to match the size of the membrane cells (33.5 cm
2
). Finally, 

they were placed in the membrane cells and pressurized for 3 – 4 days before testing. 

 

3.3.1.2. In-House Made Novel Membrane 

The in-house made membrane was prepared using an interfacial-

polymerization (IP) protocol. The original IP protocol was invented by Cadotte [166, 

167] where many monomers were examined at different conditions (e.g., type of 

monomers, type of solvent, concentration of monomer, temperature of reaction, etc.) 

during the preparation of TFC NF and RO membranes. In this work, piperazine (PIP) 

and trimesoyl chloride (TMC) were used as polymeric monomers where the 

concentration of PIP in the aqueous solution was 1.6 wt/vol% (0.186 mol dm
-3

) and 

0.1 wt/vol% (0.00038 mol dm
-3

) of MTC in the organic solution (Isopar
TM

 G) as 

previously reported [158, 168]. In addition, a reaction time of 300 seconds (5 minutes) 

was selected while the organic solution temperature was 100 °C during the reaction. 

These conditions resulted in defect-free membranes which showed promising results 

in previous studies for both gas separation and water treatment [158, 168]. Briefly, the 
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porous polysulfone support sheet (15.5 x 11.5 cm) was left in RO water for 24 hours 

and then immersed in the 1.6 wt/vol% PIP aqueous solution for 5 minutes. The 

support sheet was then passed through a rubber roller to remove any excess solution 

left on the surface and then fixed in a Teflon frame. The organic solvent Isopar
TM

 G 

was heated to 100 °C. TMC was dissolved in the organic solvent, producing a 0.1 

wt/vol% final TMC solution, which was poured onto the support sheet to initiate the 

reaction. The reaction was left for 300 seconds. Next, the excess TMC solution was 

poured off and the membrane was washed with Isopar
®
. Lastly, the membrane was 

dried at room temperature and stored in a desiccator until testing. Prior to installation, 

they were submerged in RO water for 24 hours, then in isopropanol for 5 minutes and 

lastly in RO water for 15 minutes.  

 

 

Figure 3.2. Representation of the protocols for the production of PIP-based  interfacially-polymerized 

TFC NF membranes by conventional (10 s, 23 °C) and modified (300 s, 100 °C) protocols. 
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3.3.2. Feed Preparation 

3.3.2.1. Salt Rejection 

A stock salt solution was first prepared by dissolving 1.1 g of sodium chloride 

(NaCl) in a 500 mL of DI water. The solution was then slowly poured into the feed 

tank which had a volume of ~12 L of DI water. The salt concentration was repeatedly 

measured until the desired concentration reached ~170 ppm. The pH was monitored 

and adjusted as desired (4, 6, 8 or 10, respectively) using 0.1 M NaOH and 0.1 HCl 

solutions.  

 

3.3.2.2.  Arsenic Rejection 

A 1000 ppm stock solution of arsenic was first prepared in a 100 mL flask by 

dissolving 0.132 g of arsenic trioxide (As2O3) in 10 mL 1 M NaOH, followed by 

addition of 2 mL 70% HNO3. The flask was then filed with DI water to the 100 mL 

mark. Next, the appropriate amount of As(III) solution was added carefully and 

gradually to the feed tank. The As(III) concentration was measured using ICP-OES 

until the desired concentration in the feed was reached (5 ± 0.5 ppm). The pH was 

adjusted using 0.1 M NaOH and 0.1 HCl solutions to the aforementioned desired 

values.  

 

3.3.3. Rejection/Filtration Experiments 

3.3.3.1. Salt Rejection 

Fresh membranes were placed, with the selective layer facing downside, in the 

membrane cells. The system was then allowed to reach the desired operating 

conditions and stabilization, roughly 2 – 3 days, with pure water (see Table 3.2). The 

temperature was set to 23 °C using the controller screen of the chiller. The applied 
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pressure was set to 15.5 bar using a relief valve. The cross-flow rate of the feed and 

retentate was set to 1 L min
-1

 using a relief valve connected to a glass tube rotameter. 

The system was operated for at least 24 hours after addition of salt to stabilize and pH 

adjustment. Samples from the feed, permeate and retentate were collected at each 

different pH value.  

Table 3.2. Operation conditions for salt rejection. 

Parameter Value 

NaCl feed concentration 170 ± 10 ppm 

Feed cross- flow rate 1 L min-1 

Temperature 23 °C 

Transmembrane pressure ~ 15.5 bar 

pH 4, 6, 8, 10 

 

 

3.3.3.2. Arsenic Rejection 

Similar to salt rejection experiments, the system was successfully operated at 

the desired conditions (see Table 3.3). The temperature was set to 23 °C and the 

applied pressure was approximately 15.5 bar. The cross-flow rate of the feed and 

retentate was set to 1 L min
-1

. The pH was adjusted as desired using 0.1 M NaOH and 

0.1 M HCl solutions. The system was left for about 24 hours to stabilize at each 

different pH value. Samples from the feed, permeate and retentate were collected at 

each pH. 

 

Table 3.3. Operation conditions for arsenic rejection. 

Parameter Value 

As(III) feed concentration 5 ± 0.5  ppm As(III) 

Feed cross- flow rate 1 L min-1 

Temperature 23 ± 0.1 °C 

Transmembrane pressure ~ 15.5 bar 

pH 4, 6, 8, 10 
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3.3.4. Sampling and Data Collection 

At each pH, samples from feed, retentate and each membrane cell (permeate) 

were collected every 24 hours (after the system was stabilized at the desired pH 

value). A sufficient volume (30 – 35 mL) of each sample was collected in a 20 mL 

plastic tube.  A stopwatch was used to record the time taken for each sample to reach 

the required permeate volume. The weights of the empty tube and the tube plus 

sample amount were measured. Both water flux (  ) and solute rejection (R) were 

calculated from equations (15) and (16), respectively.  

   
  

     
            (15) 

 

       
   

     
 

       

 

 

(16) 

 

 

Furthermore, water permeance (A) was calculated from equation (2). The 

concentration of As(III) in each sample was measured using ICP-OES. The salt 

concentration, on the other hand, was measured using a Myron L Ultrameter II 6Psi.  

 

3.4. Analytical Methodology 

3.4.1. Component Analysis 

3.4.1.1.  Arsenic Analysis 

All samples were analyzed for As(III) concentration using inductively coupled 

plasma – optical emission spectroscopy (ICP-OES), model Avio 500 

Cyclonic/Concetric obtained from PerkinElemer. ICP-OES was chosen because this 

method provides an accurate calculation of the concentration of the selected 

element(s) over a wide range of concentration without dilution, including the most 

difficult matrix solutions. When the selected elemental atoms are ionized and excited 
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by the extremely high temperature of the argon plasma, the selected element can be 

identified by its characteristic emission lines and then quantified by the intensity of 

those emission lines (wavelengths). Prior sample analysis, standard arsenic solutions 

(known concentration solutions) were used to create calibration curves. The 

calibration for arsenic was successfully completed at multiple wavelengths, namely 

188.980, 193.696, 197.198, 228.812, and 234.984 nm c/s. Therefore, a total of five 

different calibration curves (one for each wavelength) were established in each 

experiment. The calibration curves included multiple standard points (STD arsenic 

concentrations), within the range of 0.05 – 5 ppm. These arsenic STDs were diluted in 

2% HNO3. However, the As(III) samples collected from the feed, retentate and 

permeate streams were acidified with 100 µg L
-1

 of 70% HNO3 prior to analysis. 

During the analysis, each arsenic STD solution and collected sample was replicated 

three times to give an accurate value. About 5 mL of each sample was placed into a 

15 mL plastic tube and then capped. After the analysis, the results obtained at the 

wavelength with the minimum percentage calibration error were taken as ‗reliable 

data‘. 

 

3.4.1.2. Total Dissolved Solids (TDS) and pH Analysis 

Both TDS and pH were measured prior to collecting samples. The TDS was 

measured using a Myron L Ultrameter II 6Psi while the pH was measured using a pH 

meter (Thermo Scientific Orion 8102BNUWP). The pH was measured from feed and 

retentate to ensure the system was running at the desired conditions. In general, the 

value was roughly the same in the feed and retentate. The instrument probe was 

carefully rinsed with DI water after each measurement to ensure all contaminates 

were removed. 
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3.4.2. Membrane Characterization 

Field-emission scanning electron microscopy (FESEM) images and the atomic 

force microscopy (AFM) measurements for membrane surfaces were performed with 

FEI Nova NanoSEM and a Bruker Dimension Icon SPM, respectively, with details 

documented in previous work in our group [159]. The composition of the selective 

layer was measured using X-ray photoelectron spectroscopy (XPS, Kratos Axis 

Supra) on a 300 × 700 µm aperture slot. The detailed procedure was reported 

elsewhere [158]. The atomic concentration of carbon, nitrogen and oxygen was used 

to calculate the degree of cross-linking, particularly the ratio of nitrogen to oxygen 

(N/O). The charge of the membrane surface was measured using an Anton 

Paar/SurPASS electrokinetic analyzer during which 0.001 M KCl was used as an 

electrolyte. The pH was adjusted with 0.1 M NaOH and 0.1 M HCl. The zeta potential 

was measured at pH values ranging from 3 to 10 for each membrane. The membrane 

surface charge was calculated using the Helmholtz-Smoluchowski equation [158]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



52 
 

 

Chapter 4. Results and Discussion 

4.1. Salt Rejection 

In the first set of the experiments, salt rejection tests were performed for two 

commercial membranes, RO4 and NF270, and the in-house PIP-KRO1. The salt 

concentration in feed, permeate and retentate were measured using a Myron L 

Ultrameter II 6Psi. The values of these parameters as well as operating conditions 

were then substituted into equations 2, 4, 15 and 16 to calculate the performance of 

each membrane (flux, salt rejection and water permeance). In general, the trend in 

water permeance was as follows: NF270 > PIP-KRO1 > RO4. In contrast, the salt 

rejection trend was RO4 > PIP-KRO1 > NF270. The results are summarized in Table 

4.1.  

 

Table 4.1. NaCl rejection data for RO4, NF270 and PIP-KRO1. LMH denotes L m
-2

 h
-1

. 

Membrane Parameter 
pH 

4 6 8 10 

RO4 
NaCl Rejection (%) 84.96 ± 0.72 98.65 ± 0.21 99.19 ± 0.08 98.89 ± 0.43 

Permeance (LMH/bar) 1.78 ± 0.13 1.88 ± 0.13 1.90 ± 0.14 1.91 ± 0.15 

NF270 
NaCl Rejection (%) 34.05 ± 1.65 63.07 ± 3.01 75.61 ± 1.53 76.79 ± 1.09 

Permeance (LMH/bar) 12.39 ± 0.57 13.93 ± 0.68 14.33 ± 0.55 15.46 ± 0.75 

PIP-KRO1 
NaCl Rejection (%) 56.98 ± 1.58 80.84 ± 1.31 88.06 ± 0.80 88.98 ± 0.19 

Permeance (LMH/bar) 2.47 ± 0.14 2.56 ± 0.05 2.51 ± 0.06 2.45 ± 0.07 

  

 

Clearly, the seawater reverse osmosis membrane RO4 had the lowest water 

permeance compared to the nanofiltration membranes NF270 and PIP-KRO1. In 

contrast, RO4 had the highest salt rejection. This trade-off trend between water 

permeance and solvent-to-solute selectivity (or solute rejection) is well documented 

for a large number of membranes [130, 132]. The experimental values of salt rejection 

and water permeance obtained in this study were consistent with previous results (see 
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Table 3.1) [157-162]. The higher rejection, yet lower water flux (or permeance), for 

RO4 can be attributed to the chemistry and properties of its selective layer. SWRO 

membranes are formed by an interfacial polymerization between two aromatic 

monomers (e.g., m-phenylenediamine, MPD, and trimesoyl chloride, TMC), 

producing fully-aromatic selective layer with high cross-linking. In contrast, NF270 is 

formed as a product of the reaction between a cycloaliphatic monomer (e.g., 

piperazine, PIP) with an aromatic monomer (e.g., trimesoyl chloride, TMC), 

producing a semi-aromatic selective layer with much lower cross-linking [130]. The 

high cross-linking in SWRO membranes is due to the presence of higher electron 

density in aromatic monomers (e.g., MPD), which provides a higher reactivity of the 

amine functional groups during the interfacial polymerization, compared to that in 

aliphatic monomers (e.g., PIP). The higher crosslinking allows higher salt rejection, 

but lower flux [130]. Therefore, it is not surprising that RO4 (a fully-aromatic 

membrane) had a much higher salt rejection, yet lower permeance, compared to 

NF270 (a semi-aromatic membrane). However, allowing the reaction of PIP with 

TMC for a longer time at a high temperature (e.g. 100 
o 

C) compared to commercially 

used protocols increases the reactivity of the monomers and therefore produces a 

highly cross-linked defect-free NF membrane, PIP-KRO1 [159]. This membrane had 

an intermediate performance achieving a higher permeance than RO4 and a much 

higher rejection compared to NF270. 

Figure 4.1 and Figure 4.2 show the effect of pH on the water permeance and 

salt rejection, respectively. NF270 showed an increase in permeance (from 12.4 LMH 

at pH 4 to a maximum value of 15.5 LMH at pH 10) as the pH value was increased. In 

contrast, the permeance for both RO4 and PIP-KRO1 was unaffected, indicating that 

PIP-KRO1 behaved like the typical RO membranes. In addition, the solute rejection 
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for NF270 increased significantly when the pH value increased while there was a 

smaller relative increase in rejection for PIP-KRO reaching a maximum value of 76% 

and 89 %, respectively, at pH 10. The salt rejection for RO4, however, was almost the 

same at all pH values (e.g. 98 %) except at pH 4, where it dropped to ~ 85 %. This 

increase in rejection with pH is generally attributed to the increase in the negative 

charge of the selective layer. 

 
Figure 4.1. Effect of pH on water permeance for membranes used in this study (~170 ppm NaCl,     

15.5 bar and 23 °C). 

 

Figure 4.2. Effect of pH on salt rejection for membranes used in this study (~170 ppm NaCl, 15.5 bar 

and   23 °C). 
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4.2. Arsenic Rejection 

In the second set of the experiments, As(III) rejection tests were conducted at 

four pH values (4, 6, 8 and 10, respectively) for the aforementioned membranes in the 

presence of 250 ± 50 ppm TDS at 23 °C and applied feed pressure of 230 psi. It 

should be noted that the presence of NaCl in the feed had no clear effect on arsenic 

rejection as previously reported [169]. A summary of the conditions and results in this 

study is in Table 4.2 and Figure 4.3, respectively 

.  

Table 4.2. As(III) rejection data for RO4, NF270 and PIP-KRO1. LMH denotes L m
-2

 h
-1

. 

Membrane Parameter 
pH 

4 6 8 10 

RO4 
As(III) Rejection (%) 94.85 ± 0.37 94.56 ± 0.38 95.48 ± 0.42 98.75 ± 0.12 

Permeance (LMH/bar) 1.70 ± 0.13 1.79 ± 0.13 1.83 ± 0.13 1.84 ± 0.12 

NF270 
As(III)  Rejection (%) 7.31 ± 0.84 7.26 ± 0.77 17.87 ± 0.09 46.26 ± 0.49 

Permeance (LMH/bar) 10.31 ± 0.57 10.70 ± 0.59 10.60 ± 0.52 10.17 ± 0.51 

PIP-KRO1 
As(III)  Rejection (%) 27.73 ± 0.05 27.42 ± 0.09 34.18 ± 0.14 69.45 ± 0.15 

Permeance (LMH/bar) 2.48 ± 0.04 2.48 ± 0.05 2.46 ± 0.07 2.42 ± 0.07 

 

 

Figure 4.3. Effect of pH on As(III) rejection for membranes used in this study (5 ± 0.5 ppm As(III), 

15.5 bar and 23 °C). 
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Similar to the results obtained from the salt rejection experiments, NF270 

showed a much higher permeance (compared to RO4 and PIP-KRO1), but RO4 and 

PIP-KRO1 displayed a higher As(III) rejection. While the effect of pH on water 

permeance was unclear, the As(III) rejection dependence on pH was well 

demonstrated as shown in Figure 4.3. At pH 4, the As(III) rejection was 7, 27, and 

94% for NF270, PIP-KRO1 and RO4, respectively. This result shows that the PIP-

KRO1 membrane exhibited ~ 4 times higher rejection compared to NF270, which 

demonstrated the positive effect of the modified membrane fabrication protocol 

compared to the commercial protocol, that is, by creating a defect-free selective layer 

as previously reported [159]. When the pH was increased to 6 there was no change in 

the rejection because there was no dissociation of As(III) at this point. Therefore, the 

charge of the membrane surface had no effect on the rejection of neutral As(III). 

However, when the pH was increased to 8, the rejection slightly increased to 17, 34, 

and 95% for NF270, PIP-KRO1 and RO4, respectively. This was due to the fact that a 

slight dissociation of As(III), about 8%, occurred at pH 8 as it can be seen in Figure 

1.2 (a). In addition, 50% dissociation of As(III) occurred at pH ~ 9.2. The dissociated 

As(III) was slightly larger than the neutral As(III) [17]. Therefore, it is not surprising 

to see a larger increase in As(III) rejection when the pH was increased to 10. At this 

pH, the rejection increased by 2.7 fold for NF270 and by 2 fold for PIP-KRO1 

(compared to the rejection at pH 8) achieving maximum values of 46 and 69%, 

respectively. In contrast, the As(III) rejection for RO4 was approximately 95% at pH 

4, which indicates that RO4 has strong size sieving properties (size exclusion). The 

slight increase in As(III) rejection from 95 to 98% for RO4 as the pH was increased 

from 4 to 10 is possibly caused by the enhanced charge exclusion effect for As(III) at 

high pH values. On the other hand, the substantial increase in As(III) rejection for the 
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in-house PIP-KRO1 and NF270 seemed to rely heavily on charge exclusion 

mechanism rather than the strong size-sieving as shown in the case of RO4 for 

rejecting a solute. This effect was also demonstrated in the NaCl rejection 

experiments, which were shown in the previous section of this chapter. The effect of 

the surface charge (zeta potential) of the membrane is discussed in more details in 

next section.  

The data obtained from previous studies seem to have some discrepancies (see 

Table 2.1 and Table 2.2), which makes it difficult to make conclusive statements 

about the membrane limitations for As(III) rejection. For example, Elcik et al. [123] 

tested As(III) rejection for NF270 and observed a significant increase in rejection, 

from ~ 24 to 58%,  when the pH was increased from 3.5 to 7.5 (100 µg L
-1

, 10 bar, 20 

°C). However, surprisingly, there was almost no change in rejection when the pH was 

increased to 10. In another study [152], NF270 was evaluated for As(III) rejection and 

the results were similar to this study; a rejection of 7% was achieved at pH 5 (100 mg 

L
-1

, 4 bar, 24 °C). However, the rejection increased to 30% when the A(III) 

concentration in the feed was increased from 100 mg L
-1

 to 2000 mg L
-1

.  

Unfortunately, RO4 was not tested for As(III) rejection prior to this study. 

Nevertheless, other RO membranes were tested where the results were found to be 

similar to the results obtained for RO4 in this study. For instance, the rejection was 96 

and 98.5% at pH 7.6 and 9.6, respectively, for SW30HR whereas the rejection for 

BW30LE was 88 and 98.2%, respectively (50 µg L
-1

, 24 bar, 20 °C). A maximum 

rejection of 99.25% was achieved for BW30LE when the TMP increased to 30 bar, 

but decreased to 93% at 40 bar [135]. Elcik et al. [123] also evaluated two RO 

membranes (BW30 and XLE) where the rejection increased approximately from 95 to 
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98% when the pH was increased from 3.5 to 10, respectively (100 µg L
-1

, 10 bar, 20 

°C). 

 

4.3. Membrane characterization – Further Analysis 

Previous studies on chemistry and properties for various thin-film composite 

(TFC) membranes suggested that many RO and NF membranes are composed of three 

layers: a selective (top) layer made of polyamide supported by a microporous layer 

made of polysulfone followed by a highly porous non-woven fabric layer [129, 130]. 

In addition, the presence of a coating or modification layer can affect the membrane 

properties and performance [129, 130, 160]. Some properties that are considered 

include the chemistry of selective layer (polymer type, crosslinking degree, etc.), the 

thickness and the surface roughness of the selective layer. 

 

4.3.1. Element Composition of Membrane Surface 

The polyamide selective layer for both NF270 and PIP-KRO1 is potentially 

composed of PIP and TMC. It was previously demonstrated that the selective layer of 

NF270 was uncoated [129]. The defect-free PIP-KRO1 was also uncoated and 

therefore NF270 and PIP-KRO1 were comparable. Table 4.3 shows a summary of the 

elemental composition and N/O ratios obtained from XPS analysis for RO4, NF270 

and PIP-KRO1. 

 

Table 4.3. Summary of XPS data for the TFC membranes. 

TFC membrane C (%) N (%) O (%) N/O 

RO4 73.3 8.8 17.9 0.49 

NF270 74.4 7.8 17.8 0.44 

PIP-KRO1 71.1 14.3 14.6 0.98 
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The results showed that NF270 had the highest carbon content in the selective 

layer at 74.4% followed by RO4 (C: 73.3%) then PIP-KRO1 (C: 71.1%). However, 

PIP-KRO1 showed much higher nitrogen content compared to NF270 and RO4 at 

14.3, 7.8 and 8.8%, respectively. In addition, PIP-KRO1 had about the same content 

of oxygen as that of nitrogen which indicates a high degree of crosslinking (N/O: 

0.98). In comparison, NF270 had the lowest crosslinking (N/O: 0.44); the crosslinking 

for RO4 was slightly higher (N/O: 0.49). Higher crosslinking is often translated to 

enhanced size sieving properties due to the restriction of the mobility of the polymeric 

chains of the selective layer which reduces water-induced membrane swelling. A 

higher crosslinking was previously correlated with a higher water-to-solute selectivity 

for boron rejection via a RO membrane [158]. Therefore, it is not surprising to see 

that the rejection of both NaCl and As(III) by PIP-KRO1 was much higher compared 

to that by NF270. The higher rejection for RO4 here can be attributed to the use of 

aromatic monomers (MPD and TMC) which generally possess lower mobility 

compared to polymer chains made of cyclo-aliphatic and aromatic monomers (e.g. 

PIP and TMC) in NF270 and PIP-KRO1. In addition, the modified protocol for TFC 

membrane preparation (e.g. 300 s and 100 °C) was also shown to be more effective 

for gas separations of both single and multi-component gases compared to the 

industrial protocols (e.g. 10 s and 23 °C). Ali  et al. [159, 168] demonstrated that by 

‗plugging‘ the defects of the interfacially-polymerized TFC membranes made by the 

modified KRO protocol, the gas-pair selectivity increased significantly whereas the 

gas permeance decreased, indicating that the defects were ‗sealed‘. This effect was 

also shown in the water treatment process where the PIP-KRO1 membrane had much 

lower permeance compared to the NF270.  
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4.3.2. Zeta Potential of Membrane Surface 

Most solid materials acquire surface charge when they are in contact with an 

aqueous solution due to dissociation of the ionic groups on the material surface. The 

electrostatic negative charge, for example, of a solid material will attract cations and 

repulse anions and vice versa. Factors that affect the zeta potential (surface charge) 

include the composition of the solid material, the nature of ions in the aqueous 

solution and the pH. The surface charge of a given solid material surface (e.g., a 

membrane selective layer) plays a significant role in determining the degree of fouling 

as well as the solute rejection in an aqueous solution based on charge (Donnan) 

exclusion. Therefore, the charge characterization of the membrane surface is an 

essential tool to better understand the effect of pH on rejection. The pH value at which 

the membrane surface has no charge (zero zeta potential) is known as isoelectric point 

[170-172].  

 

 

Figure 4.4. Schematics showing the effect of surface charge on fouling and charge exclusion. 

 

Here, the charges of three different types of membrane surfaces as a function 

of pH are illustrated in Figure 4.5.  
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Figure 4.5. Zeta potential values for the TFC membranes evaluated in this study (0.001 M KCl). 

 

 In general, NF270 had the largest zeta potential (most negative) at all pH 

values followed by the defect-free PIP-KRO1 and RO4, respectively. This is in 

agreement with the literature where NF membranes made of PIP typically showed 

higher zeta potential compared to RO membranes made of MPD. In comparison with 

NF270 and RO4, the defect-free PIP-KRO1 had the highest isoelectric point (the 

surface charge was zero at the highest pH value), but it possessed much higher 

negative charge at higher pH values compared to RO4. In addition, the typical 

increase in zeta potential with pH was observed for all TFC membranes [160, 170-

173].  The negative charge of a given membrane surface is often explained by the 

dissociation of certain functional groups in the membrane material. In the case for 

TFC membranes, carboxyl groups (from TMC) and amine groups (from PIP/MPD) 

could be associated with the charge of the membrane. The carboxyl groups (–COOH) 

contribute to the negative charge of the membranes, whereas the amine groups (–NH– 

from PIP or –NH2 from MPD) contribute to the positives charge. Typically, highly 

crosslinked membranes lead to less unreactive carboxyl groups, therefore, less 
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negative charges on the membrane surfaces as the case of RO4. Another part of the 

explanation is that anions (e.g., Cl
-
 and OH

-
) in aqueous solutions are less hydrated 

compared to cations (e.g., Na
+
) and so they can closely approach the membrane 

surface, increasing its negative charge [170].  

 

 Based on the results obtained in this study, both salt and arsenic rejections 

increased with the pH. From Figure 4.2, it can be seen that the salt rejection increased 

for all three TFC membranes when the pH was increased from 4 to 6 which indicated 

the effect of the membrane surface charge enhanced the salt rejection significantly as 

the membrane surface charges became more negative for all membranes. However, 

the salt rejection increased by a larger degree for both NF270 and PIP-KRO1 

compared to RO4 when the pH was increased from 4 to 8. The salt rejection did not 

further improve as pH increased from 8 to 10 for both NF 270 and PIP-KRO1, 

corresponding to the essentially unchanged surface charge for both membranes from 

pH from 8 to 10. Similar results were found for RO4 membrane from pH 6 – 10, due 

to nearly constant surfaces charge observed for RO4 in the same pH range as shown 

in Fig. 4.5. On the contrary, from Figure 4.3, As(III) was neutral at pH 4 and 6 and 

hence the membrane surface charge had no effect on the rejection. When the pH was 

increased to 8, a small dissociation occurred (~8%) and hence, the rejection increased 

for both NF270 and PIP-KRO1 membranes while staying constant for RO4 as the zeta 

potential for RO4 was almost unaffected. However, when over 50% dissociation of 

As(III) was achieved as the pH increased from 8 to 10, there was a dramatic increase 

in rejection for both NF270 and PIP-KRO1 while only a slight increase for RO4 was 

observed. This result clearly indicated the effect of the surface charge on As(III) 

rejection unlike the case at pH 4 – 8.  
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4.3.3. Thickness of the Polyamide Layer 

A M-2000 DI ellipsometer was used to perform spectroscopic ellipsometry 

analysis to determine the apparent thickness of the selective layer of the TFC 

membranes according to the reported procedure where 4   4 mm samples were used 

[158, 159]. The results of these samples (top surface morphology) are shown in 

Figure 4.6 while the numerical values of the apparent polyamide thickness are 

summarized in Table 4.4. 

 

 

Figure 4.6. Top surface morphology of the TFC membranes used in this study using ellipsometer [159].  

 

 

Table 4.4. Summary of ellipsometry data for the TFC membranes.  

TFC membrane Type of selective layer  Apparent thickness (nm)* 

RO4 Fully-aromatic polyamide 145 ± 9 

NF270 Semi-aromatic polyamide 45 ± 1 

PIP-KRO1 Semi-aromatic polyamide 170 ± 9 

* Data obtained from [159]. 

 

 Based on the ellipsometry results, NF270 had the thinnest polyamide layer (45 

± 1 nm) followed by RO4 (145 ± 9 nm) and PIP-KRO1 (170 ± 9 nm). In a previous 

study, Ali et al. [159] fabricated a TFC membrane comparable to NF270 using PIP 

and TMC at similar conditions to industrial protocols whose apparent thickness was 

68 ± 5 nm.  In the same study, it was shown that by increasing the reaction 
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temperature and reaction time, better crosslinking was achieved coupled with 

increased thickness of the selective layer. Therefore, it is not surprising that the water 

permeance of PIP-KRO1 was much lower compared to NF270 in this study. The same 

observation applies for RO membranes when the fabrication conditions were switched 

from 10 s and 23 °C to 300 s and 100 °C [158, 159, 168]. The correlation between the 

selective layer thickness and permeance could also be seen when the performance of 

many commercial NF and RO membranes was tested. For example the apparent 

thickness of SW30HR was shown to be 157 ± 5 nm (ellipsometry) [174] with water 

permeance of ~ 0.98 LMH bar 
-1

 based on the conditions stated by the manufacturer 

[175]. In comparison, it was stated that BW30LE had a thickness range of 70 – 140 

nm [176] with a calculated value of permeance of ~ 4.45 LMH bar 
-1

 based 

manufacturer data [175]. Obviously, the degree of swelling of the polyamide layer 

plays a role in determining the permeance alongside with its thickness. Semi-aromatic 

cross-linked polymer chains are expected to swell to a larger degree compared to 

fully-aromatic cross-linked chains. The larger degree of swelling results in more free 

volume and mobility between the polymer chains. Hence, a higher water permeance 

was observed for PIP-KRO1 compared to RO4. 

 

4.3.4. Membrane Surface Roughness 

Atomic force microscopy (AFM, Bruker Dimension Icon SPM) was used on 

tapping-in-air imaging mode to characterize the membrane surface (morphology), in 

particular the surface roughness. Gwyddion software was used to analyze the AFM 

data to which the roughness ratio (RR) was determined; RR is defined as the ratio of 

the AMF measured surface area to the membrane surface area where it is assumed 

flat. Further characterization of the membrane surface roughness was performed using 

field-emission scanning electron microscopy (FESEM, FEI-Nova NanoSEM). 
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However, the surface roughness often provides information on the degree of expected 

fouling, the rougher the surface, the higher the fouling [177]. The AFM surface 

images are shown in Figure 4.7 while the numerical AFM results are summarized in 

Table 4.5. 

 

Figure 4.7. Top surface AFM images for the TFC membranes evaluated in this study: a) RO4; b) PIP-

KRO1 [159]; c) NF270. 

 

 

Table 4.5. Summary of the numerical AFM data for the TFC membranes. ‗RMS‘ denotes root mean 

square of roughness.* 

TFC membrane RMS (nm)  Roughness ration, RR 

RO4 97 ± 16 1.50 ± 0.2 

NF270 9 ± 5 1.30 ± 0.2 

PIP-KRO1 37 ± 17 1.00 ± 0.1 

* Data obtained from [159]. 

 

 Based on the AFM data, RO4 possessed the roughest polyamide selective 

layer (RMS: 97 nm) followed by PIP-KRO1 (RMS: 37 nm) and NF270 (RMS: 9 nm), 

respectively. The surface roughness of both RO4 and NF270 are in agreement with 

the literature as fully-aromatic RO membranes typically have rougher top surfaces 

compared to semi-aromatic NF membranes. A value of 145.4 nm (RMS) was 

previously reported for RO4 [157] and 5.29 nm for NF270 [173]. Tang et al. [160] 

reported a long a list of coated and uncoated NF and RO membranes. It was 

abundantly clear that semi-aromatic NF membranes such as NF270 had smoother 
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surfaces compared to fully-aromatic RO and NF membranes such as SW30HR and 

NF90, respectively. In this study, a surface roughness value of 9 ± 4 nm (RMS) was 

reported for NF270. The relatively rough surface for the semi-aromatic defect-free 

PIP-KRO1 compared to commercial semi-aromatic NF membranes is due to the 

fabrication protocol (e.g., 100 °C) compared to the industrial protocols (e.g., 23 °C). 

The increase in temperature of the organic phase (e.g., TMC) caused an increase in 

the temperature of the reaction-zone during the interfacial polymerization between 

TMC and PIP. As the heat transferred from the organic TMC phase to the aqueous 

PIP phase, the diffusivity and solubility of PIP in the aqueous phase increased which 

resulted in turbulence at the aqueous/organic interface as PIP transferred at a higher 

rate. This resulted in a rougher surface in the PIP-KRO1 membrane compared to 

NF270 [158, 159, 168]. These results are also supported by the FESEM images shown 

below in Figure 4.8 where the surface roughness follows the trend: RO4 > PIP-KRO1 

> NF270. Clearly, RO4 had a typical ridge-and-valley structure, NF270 possessed a 

very smooth surface and the defect-free PIP-KRO1 had an intermediate roughness. 

 

Figure 4.8. Top surface FESEM images for the TFC membranes evaluated in this study. 

 



67 
 

 

Chapter 5. Conclusion and Final Remarks 

 Lab-scale experiments for As(III) removal using three TFC membranes, 

namely RO4, NF270, and PIP-KRO1 were performed at four pH values (4, 6, 8 and 

10, respectively). The SWRO RO4 membrane demonstrated excellent size sieving 

properties and low charge (Donnan) exclusion mechanism for rejection. Although the 

dissociation constant for arsenous acid (H3AsO3, As(III)) is 9.2, that is, arsenic was 

mostly present is a neutral-charge state, the experimental results showed a high 

As(III) rejection by RO4 at lower pH values (up to 95%); the rejection at higher pH 

was over 98%.  In contrast, the NF membranes, NF270 and defect-free PIP-KRO1, 

demonstrated high charge exclusion mechanism for arsenic rejection. At lower pH 

values, the rejection was lower than 20 and 35%, respectively. However, at pH 10, the 

rejection for PIP-KRO1 doubled, reaching a maximum value of 69% whereas the 

rejection for NF270 was 46%.  

The higher rejection for the defect-free PIP-KRO1 compared to NF270 

demonstrated the effectiveness of the modified fabrication protocol compared to the 

conventional protocol. However, this came at the expense of a drop in the permeance 

where NF270 had a much higher permeance compared to PIP-KRO1. The 

characterization showed a much thicker polyamide selective layer for PIP-KRO1 (170 

nm) compared to NF270 (45 nm). In addition the PIP-KRO1 had a rougher surface 

(37 nm) compared to NF270 (9 nm). However, PIP-KRO1 had a superior crosslinking 

(N/O: 0.98) compared to NF270 (N/O: 0.44) which enhanced the size sieving 

rejection mechanism for PIP-KRO1. 

 Unfortunately, none of the tested TFC membranes achieved the minimum 

arsenic standard level in drinking water in the most affected regions (Bangladesh and 

West Bengal, 50 ppb) and therefore further studies are required. It is worth 
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mentioning that two defect-free RO membranes, namely PPD-KRO and MPD-KRO 

were also tested (the data are not reported in this thesis). The unprecedented results 

obtained for As(III) rejection in the study exceeded that for RO4, that is, the As(III) 

rejection exceeded 99.2 and 99.5% for PPD-KRO and MPD-KRO, respectively, at all 

tested pH values, indicating very strong size sieving properties.  
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